Abstract-Modular multilevel cascaded converter (MMCC) is a promising technique for medium/high-voltage high-power photovoltaic systems due to its modularity, scalability, and capability of distributed maximum power point tracking (MPPT) etc. However, distributed MPPT under module-mismatch might polarize the distribution of ac output voltages as well as the dc-link voltages among the modules, distort grid currents, and even cause system instability. For the better acceptance in practical applications, such issues need to be well addressed. Based on mismatch degree that is defined to consider both active power distribution and maximum modulation index, this paper presents an efficient modulation strategy for a cascaded-H-bridge-based MMCC under module mismatch. It can operate in loss-reducing mode or range-extending mode. By properly switching between the two modes, performance indices such as system efficiency, grid current quality, and balance of dc voltages, can be well coordinated. In this way, the MMCC system can maintain high-performance over a wide range of operating conditions. Effectiveness of the proposed modulation strategy is proved with experiments.
uneven distribution of active power (and sometimes dc-link voltages) among the modules. The situation gets even worse for economically designed systems, where the dc-link voltages are set as low as possible. In those systems, over-modulation may happen for some high-output modules, which distorts the grid current. Module mismatch may also result in imbalanced power generation among the three phases.
Module mismatch problems for some other cascaded converter applications, such as static synchronous compensators (STATCOM), and solid-state transformers, have been studied in previous work [6] [7] [8] . However, the cascaded PV systems differ from them in that: 1) the power flow in the PV system has one more degree of constraint due to MPPT and 2) the dc-links of the modules are isolated and cannot exchange energy with each other. These peculiarities call for a separate study of the cascaded PV system. Some good solutions have been proposed for interphase power imbalance problem. A weighed min-max zero-sequence injection method was proposed in [9] . Three more zero-sequence injection methods were verified in [4] . However, this research did not give much attention to inner-phase imbalance. Since the latter usually coexists with interphase imbalance, it may severely affect the performance of those interphase imbalance solutions.
The simplest solution to the inner-phase imbalance issues is relocating the generation points of all other PV panels to the one with lowest generation [10] . However, this significantly reduces energy efficiency. Other solutions include overdesign of the converters or extra energy storage components [3] , [9] , [11] , which obviously increases cost. In [12] , a control scheme with module-energy balancing is presented based on an energy model. The validity of the control scheme is limited by many assumptions and some control parameters are difficult to determine. Moreover, its effectiveness against severe mismatches was not verified through experiments. In [1] , a reactive power compensation technique is presented. However, the reactive power that can be injected to the grid is limited by the power factor requirement.
In addition to those "upper-level" methods which involve control and optimization techniques, efforts at the "lower-level," i.e., the modulation level, should also help. Modulation of multilevel converters is complex because of the number of available switching alternatives. However, better modulation strategies do provide extra benefits such as fault isolation capability and reduced harmonics [13] [14] [15] [16] . In fact, more goals can be achieved through improving modulation strategy of the MMCC. Compared to a single power converter, MMCC has many more switching combinations that will create various routes for power flow among the cascaded converter modules. Such complexity also means another degree of freedom for control and operation.
This paper tries to solve the inner-phase issues originating from module mismatch, such as imbalanced dc voltages and distorted grid current, by means of modulation strategy. The voltage-power distribution within one phase is analyzed to formulate the module mismatch. The formulation considers dc-link voltages, active power distribution, and grid voltage. It better describes the imbalance status of the system. Based on this, an improved modulation strategy to cope with more severe module mismatches is proposed. The proposed modulation strategy can also improve system efficiency since it requires less switching actions.
This paper is organized as follows. In Section II, the configuration of a two-stage large-scale grid-connected cascaded PV system is introduced, and the module-mismatch problem within one phase is formulated. In Section III, a modulation strategy for cascaded PV system is developed and analyzed. Coordination of different factors (utilization of the solar power, switching loss, etc.) against various degrees of module mismatch is also explained. The overall control system based on the modulation strategy is described in Section IV. To validate the proposed method, experimental results on a 2.4 kW/208 V test setup are presented in Section V. Section VI concludes this paper.
II. ANALYSIS AND FORMULATION OF MODULE MISMATCH
The two-stage cascaded PV system consists of a cascaded multilevel converter stage and a high-voltage isolated dc/dc converter stage, which is connected to PV panels [1] [2] [3] [4] . There are also single stage solutions, in which only the cascaded H-bridge converter stage [3] , [9] or a Z-source (and its derived networks)-based converter stage [17] , [18] is employed between the PV panels and the grid. However, the two-stage structure is more suited for high-voltage applications since it provides high-voltage insulation, higher utilization of solar power, and use less passive components. Topology of such a system is depicted in Fig. 1 (only one phase is shown). Although there might be other choices for the multilevel converter, such as neutral-point-clamped, flying-capacitor, and reduced-switch topologies [19] , [20] , cascaded-H-bridge is chosen here due to its technological maturity and salient merits such as high modularity, good fault tolerance, and simple control.
The cascaded H-bridge converter delivers active power to the grid while meeting various grid codes. The H-bridges are fed from regulated dc-link voltages. The dc-dc converters with high-voltage insulation are responsible for voltage boosting and MPPT for the segmented PV arrays. A "module" of such a PV system consists of an H-bridge, a dc-dc converter, and the connected PV panels. This configuration provides many advantages [1] , such as easy extending to medium/high voltages, independent MPPT for segmented PV arrays, elimination of second-order ripple power in PV arrays, suppression of ground leakage current, alleviated PV insulation issues, etc. In Fig. 1 , N is the number of modules in each phase, L f is the filter inductance, v g and i g are the grid voltage and current, respectively, v l is the voltage across the filter, v r is the total ac output voltage of the phase, v r1 to v r N are the ac voltages of the modules, C dc1 to C dcN are the capacitances of MMCC dc-link capacitors, C in1 to C inN are the input capacitances of the dc-dc converters, and v dc1 to v dcN and i dc1 to i dcN are, respectively, the dc-link voltages and currents.
The following analysis assumes unity power factor. In steady state, the current/voltage vector diagrams of the system can be illustrated in Fig. 2 . The synchronous frame d -q [1] is defined with the d -axis oriented by the grid current vector I g . At unity power factor, the d -q frame coincides with the more widely used d − q frame, which is oriented by grid voltage vector V g .
The d -component v rd and q -component v rq of V r (the ac output voltage vector) can be derived as
where V g is the amplitude of V g , λ P = P g /P rated is the per unit active power of the phase, and I rated = 2P rated /V g is the rated active current. Owing to the identical grid current flowing through each module, the d -component of the ac voltage of each module is proportional to active power distribution among these modules, as shown
where r P j = P r j /P r ( j = 1, 2 . . . N) is the active power distributing ratio for the j th module. P r j ( j = 1, 2 . . . N) is solar power extracted with MPPT control (neglecting power loss in the power converters) in the j th module. P r is the total active power harvested in the phase. On the other hand, Q r is the total reactive power of all modules in one phase. Note that even with unity power factor, a small amount of Q r is necessary to compensate the reactive power consumed by the filter inductor L f . A positive value of Q r means the modules as a whole are supplying (lagging) reactive power, while a negative value means the modules are consuming reactive power just like the filter inductor does. Q r is distributed among the modules with ratios r Q j ( j = 1, 2 . . . N), i.e., Q r j = r Q j Q r ( j = 1, 2 . . . N). Therefore, the q -component of ac voltage in each module is determined by reactive power distribution, as shown
To guarantee power quality, over-modulation should be avoided at phase level, which means
Coefficient 1.15 is due to third-harmonic injection, which is a usual practice. At module level, the modulation constraint is
where K m j ( j = 1, 2 . . . N) is the maximum modulation index that is subject to specific modulation strategy employed. To guarantee MPPT [2] and unity power factor, v r jd is fixed. Therefore, the solution has to rely on reactive power distribution. Equation (6) can then be translated into
Although redistributing reactive power may prevent the ac voltages of high-output modules from violating (6) (as can be seen in Fig. 2 ), this capability is restricted due to the unity power factor constraint. [That is, if more reactive power is allowed, I g will become larger and therefore v r jd can be reduced, making the fulfillment of (6) much easier.] The other two variables in (6), i.e., dc voltage and maximum modulation index, can also be exploited. Increasing the dc voltage as a means of over-design is clearly not attractive. This leaves the maximum modulation index as the final resort. In the proposed modulation strategy that will be described in the following section, sinusoidal pulse width modulation (PWM) will be forsaken at the module level. In steady state, the proposed modulation strategy results in pulse patterns for the modules such that the ones harvesting highest active powers may enter square-wave-mode operation. In other words, the maximum modulation index can be made to be
At the meantime, the ac output voltages of the modules harvesting less active powers will be adjusted automatically by the modulation strategy so that (5) still holds (i.e., the total phase output voltage is still sinusoidal).
III. PROPOSED MODULATION STRATEGY

A. Basic Concept
In accordance with different states of grid voltage/current, eight possible switch combinations for the H-bridge in each module can be developed, as shown in Fig. 3 . Similar switch combinations were first proposed in [21] to reduce switching loss for a stand-alone H-bridge converter. In this paper, they will be used as a basis to develop a modulation strategy for the MMCC system, which deals with both switching-loss reducing and ability to ride through module mismatches.
Take the upper row for example, when i g is in positive direction, driving S 1 or S 4 results in state A 1 or A 2 , respectively. When both S 1 and S 4 are driven, state A 3 is resulted. In states A 1 and A 2 , the dc-link capacitor is disconnected from the grid side but charged by solar power. In state A 3 , where the output voltage is positive, the dc capacitor is discharged by the grid. When neither S 1 nor S 4 is driven, the dc capacitor is charged by the grid through diodes D 2 and D 3 . The output voltage is in negative direction and the switching state is named C 1 .
For the cascaded PV system in question, arrangement of the switching states for each H-bridge is shown in Fig. 4 , in which each small cube represents a state. There are four regions that are defined by zero-crossing points of ac current i g and ac output voltage v r . For each region, there are two basic states and an extended state. Whatever the current region is, the switching states of the H-bridges are classified in following way: 1) states that give rise to an ac voltage polarity identical to v r are grouped into Level +1; 2) states that give rise to an ac voltage polarity opposite to v r are grouped into Level −1; and 3) states that form a short circuit on the grid side are grouped into Level 0. The values 0, +1, −1 are defined as contribution levels that are represented by M lvlj ( j = 1, 2 . . . N). The Level 0 and Level +1 states are called basic states in this paper, and the Level −1 states are called extended states. From the perspective of charging and discharging, Level 0 means the dc-link capacitor of the module is currently disconnected from the grid and charged by solar power only. The impact of grid current on the dc-link capacitor for the Level +1 and Level −1 states depends on its direction. In Regions I and III, Level +1 means the grid is discharging the capacitor while Level −1 means the grid is charging it. In Regions II and IV though, Level +1 means that grid is charging the capacitor while Level −1 means that grid is discharging it. To minimize switching actions when the modules are in balanced condition, only the basic states should be used for each region. For example, A 2 and A 3 are the basic switching states for Region I. In this way, one switching event from A 2 to A 3 , or from A 3 to A 2 , costs only one switching action of one power device. The extended state, state C 1 for this region, is added for riding through more severe module-mismatch conditions. It will be activated by an extended-state flag bit F misj ( j = 1, 2 . . . N). F misj = 0 means the # j module will be assigned either of the two basic states, e.g., state A 2 or A 3 for Region I, and the module is said to be in "loss-reducing" mode. F misj = 1 means the extended state, e.g., state C 1 for Region I, will be activated for the # j module (throughout the whole switching period, or in part of it), and the module is said to be in "range-extending" mode.
In each switching period within a certain region, the modules can be classified into five different charging/discharging conditions according to their switching states (which in turn are determined based on the ranking of their dc voltages), as listed in Table I . The five conditions are labeled as DCH1, DCH2, CH1, CH2, and CH3.
In Table I , duty ratio d is the fraction of (|v
where The numbers N 1 to N 5 need to satisfy (11) due to the fixed total number of modules (N)
To reproduce the phase voltage, they must also satisfy
During each switching period, it satisfies
Then numbers N 2 and N 3 can be expressed by
Ranges of N 2 and N 5 can be derived from (14) and (15) as
Hereafter, a nine-level system (i.e., N = 4) will be taken for example. N 1 to N 5 can be solved by using (13) to (18) . And the solutions are listed in Table II . For a fixed value of N lvl , there can be different module Number Combinations (abbreviated to Comb# thereafter, and include only N 5 , N 2 , and N 4 for simplicity). Considering the whole range of N lvl , there can be 24 kinds of Number Combinations as listed in Table III , and they are divided into four groups according to different choices with N lvl = 0.
Involving no extended states, Comb1 is the only Number Combination with which the system is running in lossreducing mode, and it will be investigated first. When module (6) is violated for any module, which means the H-bridge converter cannot transfer all the input solar power into the grid, then its dc capacitor will be charged by the input power to a higher voltage until (6) is fulfilled again (and hence a balance of input-output power). Since there is a closed-loop regulation of the total dc-link voltage, dc voltages of other modules will decrease. To prevent such a polarization of dc voltages, modules with higher dc voltages are assigned higher priorities to be discharged in the proposed modulation strategy. Conversely, modules with lower dc voltages are assigned higher priorities to be charged. Assuming that dc voltages are sorted from low to high as
and k 1 = k 2 = · · · = k N , the gating pulses finally resulted with Comb1 are shown in Fig. 5 , where n Q = sin ϕ 0 indicates reactive power of each module. Due to the reactive power of the filter inductor, n Q will not be zero even with unity power factor. Therefore, Regions II and IV are small but still exist. A small value (0.25) of n Q is considered in Fig. 5 to acknowledge this.
It should be noted that Fig. 5 is obtained with a simulation of the modulation strategy based on a fixed ranking of dc-link voltages v dck 1 a ∼ v dck 4 a . In real operation, a module's ranking of dc voltage may vary dynamically, so the real gating signal can be jumping between the four pulse patterns shown in Fig. 5 . Nevertheless, the pulse patterns are helpful to get a good measure of the maximum degree of module mismatch that can be handled with a specific Number Combination. Fig. 5 shows that the module with the highest dc voltage, #k 4 module attains the highest output voltage, hence the highest active power output. The opposite situation applies to #k 1 module. Such a feature helps stem further polarization of the dc voltages, and if the real power mismatch is milder than the situation shown in Fig. 5 , may restore the dc voltages to the average level. Nonetheless, Fig. 5 also reveals some limitations of the mismatch riding-through ability of Comb1. Take #k 4 module for example. It has the highest dc voltage, and therefore needs to be discharged (i.e., send out active power) most urgently, the best situation for it would be constant contribution level +1 in Regions I and III, and constant contribution level −1 in Regions II and IV (in other words, a square-wave output voltage in phase with the grid current). However, (take the top-left for example), at the fringes of Regions I and III, since all other three modules have already been in Level 0 states (the lowest contribution level with Comb1, since Level −1 is unavailable), a mix of 0 and +1 levels must be assigned to #k 4 module to synthesize a sinusoidal phase output voltage. In other words, consistent +1 level is impossible in those fringe areas for #k 4 module. On the other hand, (take the bottom-left for example) since Level −1 states are simply unavailable, the best choice for #k 4 module in Regions II and IV can only be Level 0 states. In whichever case mentioned above, a contribution level of 0 means #k 4 module will not be discharged, but will be charged instead (due to the incoming solar power).
In contrast, if the system is put into the rangeextending mode, i.e., Number Combinations other than Comb1 is employed, the extended states with contribution level −1 become available and can help overcome the limitations mentioned above. Specifically, for the fringe areas of Regions I and III in the top-left of Fig. 5 , constant +1 level becomes possible for #k 4 module, since −1 level can be mixed into other modules. On the other hand, for Regions II and IV in the bottom-left, −1 level can be assigned to #k 4 module. In whichever case, a square-wave output voltage in phase with the grid current may be formed for #k4 module, which gives it maximum ability to send out active power.
Based on simulations with other 23 Number Combinations, active power distribution with all 24 Number Combinations is shown in Fig. 6 . For each case, the active power ratios of the modules are obtained through Fourier analysis of their gating signals, and n Q = 0 is assumed because Regions II and IV are quite narrow. Again, Fig. 6 shows the ranking of dc voltages is identical to that of active power ratios.
To simplify the implementation process, four representatives from all 24 Number Combinations can be selected based on the following observations. First, from the perspective of the operating range, it can be seen from Fig. 6 that: 1) #k 4 module attains maximum active power with any Number Combination from Comb7 to Comb24; 2) #k 4 and#k 3 modules attain their maximum power collectively with any Number Combination Comb10-Comb13; and 3) #k 4 , #k 3 and #k 2 modules attain their maximum power collectively with Comb12 or Comb19. Second, from the perspective of switching loss, it can be seen from Table III that: 1) Comb1 (from G1 group) involves the least number of switching actions since no extended state is employed; 2) Comb7 (from G2 group) involves the least switching actions among the combinations Comb7-Comb24 yet produces maximum active power for #k 4 module; 3) Comb10 (from G2 group) and Comb13 (from G3 group) have less switching actions during the changing of N lvl than Comb11 and Comb12 yet produce maximum active power for #k 4 and #k 3 modules; and 4) Comb19 (from G4 group) contributes to less switching actions during the changing of N lvl than Comb12 yet produces maximum active power for #k 4 , #k 3 and #k 2 modules. Based on the above observations, Comb1, Comb7, and Comb19 stand out first. Comb13 is then selected as the fourth one. By doing so, the other 20 combinations can be derived from these four basic ones (by jumping through their choices of N 5 N 2 N 4 ).
Although Region II/IV are neglected when calculating the active power distributions, they must be considered in real operation. Specifically, the Number Combination may need to be switched when crossing between Region I/III and Region II/IV, otherwise the numbers of modules be charged and discharged may change. For example, right before entering Region II from Region I, if Comb7 = 011 (due to narrow time spans of Region II/IV, N lvl is basically 0 at region-crossover points) is being employed, and therefore, there is 1 module being discharged and 3 modules be charged, then it has to be switched to Comb19 (if only the basic Number Combinations are considered) at the crossover point, because Comb19 = 110 has the same numbers of modules being charged and discharged in the new region. The former example corresponds to the Comb7/19 case shown in Fig. 7 , which depicts the pulse patterns in range-extending mode considering only the basic Number Combinations. The Comb13/13 and Comb19/7 cases can be understood in the similar way. Fig. 8 demonstrates the spreading of active power ratios of these three cases along with the Comb1/1 case, which corresponds to the loss-reducing mode, and whose pulse patterns have already been shown in Fig. 5 .
As can be seen from Fig. 8 , the cases of range-extending mode can accommodate more severe power imbalance, especially Comb19/7. The price paid for this advantage is increased switching actions and higher switching loss, which will be discussed later. The choice of Number Combinations is therefore a compromise between the ability to ride through module mismatch and switching loss.
To select the right Number Combinations according to the real spreading of active power ratios, limitations for each Number Combination case should be formulated. Specifically, if the real active power ratios are r Pl 1 ∼ r Pl 4 (in ascending order), they must meet the following constraints to be manageable with a certain Number Combination case. 4 . This is because the gating signal for the #k 4 module in each case indicates the highest possible output voltage (and therefore the maximum possible active power) allowed for #l 4 
1) r Pl 4 ≤ r Pk
Fulfillment of (19) means the spreading/mismatch of the real active power ratios can be accommodated with the Number Combination. If the real power can be accommodated with more than one Number Combinations, the one with least switching loss should be selected.
To simplify the implementation of the modulation strategy and the above-mentioned selection process of appropriate Number Combinations, only the four basic Number Combinations listed in Fig. 8 (i. e., Comb1/1, Comb7/19, Comb13/13 and Comb19/7) will be considered hereafter.
B. Implementation
The modulation strategy can be implemented cooperatively with a DSP and a field-programmable gate array (FPGA). The DSP calculates the nearest level to the normalized phase voltage reference, determines region number according to the references of phase output voltage and grid current, and selects appropriate Number Combination based on real active power data, as shown in Fig. 9 .
The main part of the modulation is implemented with the FPGA, as illustrated by the flowchart in Fig. 10 .
In the initialization part, the modules are labeled #1∼#N, modules with label numbers smaller than N lvl are assigned +1 level, and those with larger label numbers are assigned 0 level. (These assignments are temporary. The gating signals will only be executed at the end of the flowchart.) After the initialization, v * r , N lvl , N region , F misj , and v dcj ( j = 1, 2 . . . N) are sampled by the FPGA. To determine k 1 to k N , dc voltages are sorted from low to high. Then the modulating signal v r j ( j = 1, 2 . . . N) can be generated for each module with reference to Tables I and III. Taking #k 2 module with Number Combination Comb13/ Comb13 in the nine-level system for example, the modulating signal, the extended-state flag bit, and the charging/discharging condition are determined as follows:
The resulted modulating signals v * r j ( j = 1, 2, . . . N) are then compared with a triangle carrier waveform v cr to get the instantaneous contribution levels. This process is dependent on F misj ( j = 1, 2, . . . N), and can be formulated as
when |v * r j | ≥ v cr and F misj = 0; 0 when |v * r j | < v cr and F misj = 0; −1 when |v * r j | ≥ v cr and F misj = 1; 0 when |v * r j | < v cr and F misj = 1
Finally, contribution levels M lvlj and region number N region are used to determine the switching states for the modules according to Fig. 4 . With appropriate modifications, the proposed modulation strategy is capable of riding-through single-module failures, which is a concern in real systems. Specifically, when one of the N modules fails, the system can behave in following procedures to ride through it: 1) the fault module is shorted at the grid side by a solidstate switch; 2) since the number of modules decreases to N − 1, the dc voltage reference is increased so that N lvl is less than N − 1; 3) to make sure the fault module is assigned zero contribution level (therefore consistent with the real situation of being shorted), the modulation strategy will be modified so that only the Number Combinations with nonzero N 3 will be selected.
C. Switching Losses Analysis
As shown in Fig. 4 , locations of Region I and Region II are symmetrical to Region III and Region IV, respectively, which means the number of switching actions (regardless whether the switch is turned on or turn off) for the upper power device (IGBT is selected here) is the same as the lower one for each leg of the H-bridge. As for the two legs within one H-bridge, states that may employ them unevenly are A 1 and A 2 for positive current and B 1 and B 2 for negative current. Since contribution levels of these two pairs of states are the same, A 1 and A 2 or B 1 and B 2 can be exchanged every two fundamental cycles. In this way, the switching loss will be distributed evenly among the all four IGBTs of each H-bridge.
During each switching period, at least two switching actions (performed by the module in DCH1 or CH2 condition, see Table I ) are needed to reproduce the phase voltage. Since the ranking of dc voltages may change, the other N − 1 modules, which are with constant +1, 0, or −1 levels throughout that switching period, may also need to swap states with each other. Thus, more switching actions will be introduced. To simplify the analysis in the following, the cases that require the most switching actions are considered.
Specifically, in loss-reducing mode, it takes only one switching action for a module to switch from Level +1 (the number of modules in Level +1 state is N 2 ) to Level 0 (the number of modules in Level 0 state is N 3 ), and vice versa. Since N l to N 5 are fixed for a fixed value of N lvl and a certain Number Combination, the maximum number of switching actions in each switching period is clamped by the smaller one of N 2 and N 3 , that is
In range-extending mode, the extended states complicate the situation. It costs two switching actions for a module to switch from Level +1 to Level −1 (the number of modules in Level −1 state is N 5 ), and vice versa. The number of switching actions can be expressed as
The numbers N 2 , N 3 , and N 5 can be determined with (23) to (25), which can be derived from (11) to (15)
An upper limit for N j =1 F misj can be expressed by (26), which can be derived from (16)
In this way, the maximum numbers of switching actions with a different N lvl and N j =1 F misj are illustrated in Fig. 11 (a), where a nine-level system (i.e., N = 4) is assumed. It should be noted that N 4 can be either 0 or 1 but it has to fulfill (26). For example, only N 4 = 1 needs to be considered when N j =1 F misj = 2, since N 4 = 0 does not fulfill (26). The maximum numbers of switching actions within a half fundamental period with different Number Combinations are shown in Fig. 11(b) . Fig. 11(b) also shows the number of switching actions for the traditional PS-PWM. The two modulation strategies have the same equivalent switching frequency of 6 kHz [22] . As can be seen, in loss-reducing mode (i.e., Comb1), the proposed modulation strategy costs no more than 35.5% of the switching actions required by traditional PS-PWM. In range-extending mode (Comb7, Comb13, and Comb19), although the switching actions are increased to ride through module mismatch, the numbers of switching actions is still no more than 42.5% those of traditional PS-PWM. Since traditional PD-PWM needs the same number of switching actions as the PS-PWM to achieve the same equivalent switching frequency, Fig. 11(b) also provides a comparison between traditional PD-PWM and the proposed modulation strategy.
IV. OVERALL CONTROL SYSTEM
Since the control of the three-phase system can be decoupled through power-balancing control [4] , Fig. 12 shows the control diagram regarding only one of the three phases. First of all, the MPPT is always guaranteed by regulating input voltages of the dc-dc converters. The Perturb and Observe MPPT algorithm is selected here due to its simple implementation [23] . To satisfy the voltage boosting requirement of dc-dc converter and the grid code, the average dc-link voltage is closely regulated by the outer loop shown in Fig. 13(a) . For better dynamic performance, the equivalent active current of The reactive current reference is derived from the reactive power reference. As discussed previously, reactive power provides another degree of freedom to solve the modulemismatch issues. To avoid the diseconomy of overdesign, the reactive power compensation function can be triggered with the allowance of the grid, although the function is considered as optional in this paper. By default, the system will track the maximum power points and run at unity power factor.
Following the generating of current references, the d-q components of phase voltage references are generated with decoupled control of active and reactive current shown in Fig. 13(b) . At modulation level, the premodulation calculations, such as calculation of nearest level to output phase voltage reference, judging of operating region and determination of Number Combinations, are implemented as shown in Fig. 9 . The main part of the modulation (as shown previously in Fig. 10 ) then uses these results to generate gating signals for the power devices.
V. EXPERIMENTAL RESULTS
Owning to the fact that the three-phase MMCC system can be decoupled into three single-phase systems by using power balance control, a single-phase cascaded PV prototype instead of a three-phase one is set up to verify the validity of the proposed method, as shown in Fig. 14 . The main circuit is built with configurable power modules, which can be configured as dc-dc converters or H-bridges. Four PV emulators are used to simulate the power outputs of solar panels. Parameters of the experimental setup are listed in Table IV . In a real system, the filter inductance can be designed according to the ripple current limit, the equivalent switching frequency of each phase, and the amplitude of H-bridge output voltage.
The system employs a DSP + FPGA (TMS320C28346, Cyclone IV) control platform, which is fast and flexible. The system-level control is carried out by the DSP, while the modulation strategy is implemented cooperatively with the DSP and the FPGA, as described in Section III-B.
Four cases of module mismatch are considered as listed in Table V , where per unit powers of the modules are given. there is no distortion in grid current and dc voltages are still uniform, as shown in the second zoomed-in view. At time t 2 , the system enters Case 2 where the solar power of second module drops to 0.35 p.u. The dc voltages become polarized and exhibit a 10 V spreading. The grid current also shows some distortion, as indicated by the third zoomed-in view.
Clearly, to ride through Case 2 (and the more severe Case 3), Number Combinations more capable of correcting power mismatch than Comb1/Comb1 should be employed. Equation (19) is then used to select appropriate Number Combinations for Case 2 and Case 3, with the power ratios r Pl 1 ∼ r Pl 4 calculated based on Table V. In fact, (19) should have revealed that the power spreading of Case 2 already exceeded the limit of Comb1/Comb1, with both r Pl 4 and r Pl 3 violating the limits r Pk 4 and r Pk 3 + (r Pk 4 − r Pl 4 ), respectively, which explains the distorted grid current and polarized dc voltages in Case 2 phase of Fig. 15 .
With a validating process using (19) , Comb13/Comb13 is finally selected for Case 2. As shown in Fig. 16 , with the Number Combination switched from Comb1/Comb1 to Comb13/Comb13 at t 21 . The dc voltages quickly converge to their average value.
For Case 3, it can be found that both Comb13/Comb13 and Comb19/Comb7 fulfill (19) . Since Comb13/Comb13 involves less switching actions, it is selected again. Fig. 17 shows the waveforms of Case 3. It can be seen again that the dc voltages quickly converge to their average value after the Number Combination is switched from Comb1/Comb1 to Comb13/Comb13. Fig. 18 compares the detailed waveforms with the proposed modulation strategy and PS-PWM. Specifically, for Case 1, a comparison between the proposed modulation strategy in loss-reducing mode (i.e., Comb1/Comb1) and PS-PWM is presented in Fig. 18(a) and (b) . As shown, although PS-PWM has the similar dc voltage balancing performance, the grid current is severely distorted. In contrast, both the uniformity of dc voltages and high quality of grid current are preserved with the proposed method. For Case 2, the proposed modulation strategy in range-extending mode (with Comb13/Comb13) is compared with PS-PWM in Fig. 18(c) and (d) . Similar conclusion can be drawn, only with an enlarged gap of grid current quality. Fig. 19 compares the efficiency curves based on experimental data with the following three scenarios: 1) the proposed modulation method in loss-reducing mode (Comb1/Comb1); 2) the proposed modulation method in range-extending mode (Comb13/Comb13); and 3) PS-PWM. The modules are in balanced condition. It shows that when the total input power of the system is higher than 300 W, the system efficiency is above 90.9% with either mode of the proposed modulation method, and the highest efficiency is 95.8% with the lossreducing mode. For most of the power range, the efficiency with PS-PWM is lower, and the gap enlarges to 2% in some area. It can be concluded that the proposed modulation features lower loss than the traditional PS-PWM.
VI. CONCLUSION
In this paper, a novel modulation strategy was presented for cascaded PV systems suffering from module mismatch. The flexible changeover between its loss-reducing mode and the range-extending mode enables a better compromise between efficiency and power-generating performance.
Under balanced condition, the proposed modulation strategy costs only 35.5% switching actions compared with conventional PS-PWM. When module mismatch happens, the system can enter range-extending mode. Through selecting appropriate Number Combinations according to the spreading of solar powers among the modules, polarization of dc voltages, and distortion of grid currents caused by module mismatch can be eliminated. Experimental results on a single-phase 2.4 kW/208 V cascaded PV system confirmed the validity of the proposed method.
